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Tin selenide (SnSe) compound has attracted much attention due to its unprecedented high ZT (~ 2.6) in 
single crystals. The polycrystalline SnSe materials were then prepared to improve the mechanical 
performance for large-scaled application. However, the ZT values of 0.3-0.8 were much lower due to 
their poor electrical properties. In the present study, the zone melting method is employed to prepare 
the polycrystalline SnSe samples, which show highly textured structures and strong anisotropic thermoelectric 
performance. A maximum power factor (52a) of 9.8 uW cm? K7? was obtained in the polycrystalline 
samples, which is comparable with that of SnSe single crystals, resulting in a peak ZT of 0.92 at 873 K. 
The zone-melted ingot was then pulverized into powders and the bulk material was prepared by the 
spark plasma sintering (SPS) technique. As a result, the ZT value was enhanced to be over 1.0, owing to 
the slight reduction of lattice thermal conductivity and maintenance of electrical performance. The 
present investigation indicates that the TE performance of the SnSe compound can be significantly 


improved by the texture modulation. 


1. Introduction 


Thermoelectric (TE) materials are gaining increased attention 
due to their ability to convert between heat and electricity.** 
The efficiency of TE materials is evaluated by a dimensionless 
figure of merit, as ZT = S’oT/(Ke + Kiat), Where S, 0, Ke, Kiat and 
T are the Seebeck coefficient, electrical conductivity, electron 
thermal conductivity, lattice thermal conductivity, and the 
absolute temperature, respectively. To optimize the TE performance, 
one needs to enhance the power factor (S*c) by microscopic/ 
electronic structure modification® * or reduce the lattice thermal 
conductivity by additional phonon scattering.” 

Rock-salt structure IV-VI compounds, such as PbTe, PbSe, 
PbS and SnTe, are among the best TE materials in the middle to 
high temperature range (600-920 K).*’”** Another IV-VI compound, 
orthorhombic tin selenide (SnSe) has received much attention due 
its potential application in photovoltaic applications, electronic 
memory devices, and lithium intercalation batteries.‘ '* The 
electrical properties of SnSe have also been investigated in 
hot-pressed (HP) samples.’ The as-prepared sample is n-type, 
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with a maximum power factor of ~0.7 pW cm * K ”. However, 
SnSe had been rarely regarded as a promising TE material until 
a surprising record ZT of 2.6 was reported in its p-type single 
crystals (SCs).”° SnSe adopts a layered structure crystallized in 
the orthorhombic Pnma space group at room temperature. 
Around 750 K, this compound undergoes a shear phase transition, 
turning to a higher symmetry Cmcm space group.”° Strong 
anisotropic properties were observed due to the layered structure, 
and high TE performance was obtained in the b-c plane, e.g., the 
highest ZT value of 2.6 at 923 K was along the b axis, and the ZT 
value of 2.3 was along the c axis. While along the a axis, the ZT 
value of 0.8 was much lower. The largest power factor (S’c) of 
10 pW cm~' K~? was found along the b axis.”° 

Considering that the poor mechanical performance of SnSe 
single crystals limits their large-scaled application, the SnSe 
polycrystalline materials were then prepared. However, their TE 
performance was found to be much poorer than that in SCs. 
Pellets of SnSe compressed by hot pressing (HP) or spark plasma 
sintering (SPS) methods show that ZTs were below 0.6.™?? To 
improve the TE performance, Ag-doping was adopted to tune the 
carrier concentration,” and S-doping was adopted to reduce the 
thermal conductivity.” The maximum ZT value in doped poly- 
crystalline SnSe increased to be about 0.8.” Generally, in the 
reported polycrystalline samples, the power factor (S*c) was 
observed to be below 5 yW cm‘ K~? and it is much lower than 
those in SnSe SCs.” ®” Very recently, Zhang et al.” found that 


the iodine-doped SnSe turns out to be a n-type semiconductor 
with a maximum ZT of ~1.0. However, the maximum power 
factor in the n-type SnSe samples, ~3.8 pW cm * K ’, is still 
much lower than that in SCs.”° 

As the SnSe compound adopts a layered structure, the TE 
properties are anisotropic and strongly depend on the grain 
orientation. However, the reported SnSe polycrystalline materials 
exhibit poor grain orientation,” ” which should be responsible for 
the largely reduced power factor. If the SnSe grains are preferentially 
aligned along the favorable transport directions through the control 
of crystallographic texture, the electrical properties could be 
expected to be higher. In polycrystalline compounds, such as 
Bi,Te3, InySe3, and Ca3Co4O9, high TE performance has been 
obtained in the well oriented samples.*°*° Since the zone- 
melting (ZM) method is a proven strategy for preparing materials 
with preferred orientation,’®?”” the textured SnSe samples were 
prepared through this method in the present study. 

An orientation factor of 0.98 for the b-c plane was obtained, 
showing that the prepared samples were highly textured. As a 
result, the power factor reached 9.8 yW cm™t K~? and the peak 
ZT value was about 0.92 at ~873 K. With the reduction of 
lattice thermal conductivity by refining the grain sizes, a ZT 
value over 1.0 was achieved. 


2. Experimental section 
2.1 Synthesis 


SnSe polycrystalline samples were synthesized by the direct 
reaction of stoichiometric amounts of elemental tin (Sn, 
99.999%) and selenium (Se, 99.999%) in a sealed quartz tube 
(1074 Torr). The tube was heated to 1193 K for 2 h, using a 
rocking furnace to ensure composition homogeneity. The tube 
was then taken out and naturally cooled to room temperature. A 
cylindrical bulk ingot of 70 mm length was obtained after being 
zone-melted at 1193 K at a growing speed of 10.5 mm h™*. For 
comparison, another ZM ingot was prepared using the same 
preparation process. Fine powders were obtained by grinding 
the ZM ingot, which were sieved into particles of 50-70 um and 
below 50 um. The powders were then densified by spark plasma 
sintering (SPS-211LX, Fuji Electronic Industrial Co., Ltd) at 
753 K for 5 min under a uniaxial pressure of 55 MPa. Disk-shaped 
pellets with dimensions of 10 mm diameter and 10 mm thickness 
were obtained. 2 mm x 2 mm x 10 mm bars and ® 10 mm x 
1.5 mm plates were cut parallel and perpendicular to the growth 
direction for the ZM method or perpendicular to the press 
direction for the SPS method to measure the electrical and 
thermal transport properties, respectively. 


2.2 Characterization 


The fractured surfaces were observed by scanning electron 
microscopy (SEM, Quanta FEG 250, FEI Co.). Energy dispersive 
X-ray spectroscopy (EDXS) was performed using the Si (Li) 
detector of an EDAX system (Gemsis Software V 4.61) to confirm 
the actual composition of the samples. As shown in Table 1, 
the real ratio of Sn to Se for all the samples is close to 1:1. 


Table 1 Real composition and density of the SnSe samples in this study 


Theoretical Measured Relative 
Samples Composition density (g cm~*) density (g cm~*) density (%) 


ZM Sno.ogS€ 6.19 6.042 97.6 
ZM-SPS-1 Snı.035€ 6.037 97.5 
ZM-SPS-2 Sn, 025€ 6.035 97.5 
SPS? SnSeo,99 5.92 95.6 


The phase structure and grain orientation of the samples were 
checked by the X-ray diffraction (XRD, Bruker D8, Germany) 
using Cu Ka radiation (4 = 1.5406 A) at room temperature. The 
Seebeck coefficient and electrical conductivity were measured 
simultaneously (ULVAC-RIKO ZEM-3) from 300 K to 923 K. The 
density was measured using the Archimedes principle. The 
relative density of all the samples is larger than 97% of the 
theoretical value (details in Table 1). The total thermal conductivity, 
Ktoty Was obtained from the specific heat Cp, thermal diffusivity D, 
and density p, using the equation = CpDp. The thermal 
diffusivity D was measured by the laser flash method (Netzsch, 
LFA-457, Germany). The uncertainty of the measurement of the 
Seebeck coefficient, electrical resistivity, and thermal diffusivity was 
about 5%. The Hall coefficient Ry was measured by a physical 
properties measurement system (Quantum Design, PPMS-9) in 
magnetic fields ranging from 0 to 5 T. The carrier concentration n 
was calculated from the Ry using the formula n = 1/eRy, and the 
carrier mobility u was estimated as p = o/ne. 


3. Results and discussion 


Fig. 1 shows the X-ray diffraction (XRD) patterns of the ZM 
samples. The diffraction patterns can be indexed as the room 
temperature SnSe phase (JCPDS # 48-1224), indicating an 
orthorhombic Puma space group. The XRD analysis for the 
bulk sample was performed on the plane along the growth 
direction. The extremely strong peak at 31.10° can be indexed 
as the (400) reflection. Similar results were observed in the 
cleavage SC*° and hot-pressed SnSe samples.” The ratio of 
T(aoo) tO [(111) is 15.26 (bulk), compared with the value of 0.52 for 
the standard diffraction pattern of SnSe (JCPDS # 48-1224), 
demonstrating an excellent preferred grain orientation.*° This 
observation is consistent with the obvious layered structure, as 
shown in the SEM image in Fig. 1b. The SEM and XRD results 
indicate that the SnSe grains have preferentially grown along 
the (400) plane. The calculated orientation factor for the (400) 
plane of ZM samples, F(490), is 0.98 according to the Lotgering 
method,** indicating an excellent textured structure close to the 
ideal crystals. While the F(4o9) of the reported polycrystalline 
samples is calculated to be below 0.31 in the angle range 20-60° 
(Table 2).***° In the samples sintered under uniaxial pressure, 
the direction perpendicular to pressure orientates the (400) 
plane.”””*° To compare the TE properties of SnSe samples 
fabricated by different methods, here we define the direction 
which orientates the (400) as the || direction, and the direction 
perpendicular to the previous one as the L direction. 
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Table 2 The orientation factor F for (400) plane of the SnSe samples in 
the diffraction angle range from 20° to 60° 


Samples ZM  ZM-SPS-1 ZM-SPS-2 SPS” HP” sps” 


Fwaoo) 0.98 0.66 0.45 0.22 0.04 0.31 


As shown in Fig. 2a, the o/o | is larger than 3 in the measured 
temperature range, demonstrating a very strong anisotropic 
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(a) XRD patterns of SnSe samples and (b) the SEM image of the fracture surface. 


behavior. Both o and ø , show a similar temperature dependence. 
With increasing temperature, the electrical conductivity firstly shows 
a mild decrease and then increases sharply. At a temperature of 
about 623 K, a metal-semiconductor transition is observed. 
Moreover, the Seebeck coefficient reaches its maximum at the same 
temperature and then starts to decrease at higher temperatures, 
probably due to the excitation of minority charge carriers.** At 
750 K, the structural phase transition from Pnma to Cmcm 
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Fig. 2 Temperature dependence of the (a) electrical conductivity, (b) Seebeck coefficient, (c) power factor, and (d) total thermal conductivity for SnSe. 
The data of SC?° and polycrystalline samples prepared by HP! and SPS? are plotted for comparison. 


Table 3 Electrical conductivity (ø), carrier concentration (n) and Hall 
mobility (u) in the || direction of the SnSe samples obtained by different 
methods at 300 K. ZM-SPS-1, and ZM-SPS-2) represent the samples 
sintered with starting particle sizes of 50-70 um and <50 um after ZM, 
respectively 


Method a (S cm’) n (10 em~’) u (cem? Vt s7} 
ZM\ 13.51 5.07 166.56 
ZM-SPS-1, 1.78 5.25 19.92 
ZM-SPS-2, 0.34 1.66 12.81 

SC-b axis”? 10.53 2.64 245 

SC-c axis”° 12.54 5.89 130 

HP," 1.59 2.50 44.67 


induces a rapid rise of electrical conductivity due to the decreased 
band gap from 0.61 eV to 0.39 eV.” Above 823 K, the electrical 
conductivity decreases with increasing temperature, probably 
due to the increasing electron-phonon scattering. The peak oy 
of 61.4 S cm * is achieved at 823 K, much higher than those of 
the hot-pressed samples (16.3 S cm~* at 750 K)** and SPS 
samples (31.3 S cm™* at 817 K).”” As presented in Table 3, the 
Hall mobility of ZM; is comparable to those of SCs,”° suggesting 
that the electrical conductivity benefits from the highly preferred 
orientation. The layered structure leads to anisotropy in the 
electrical and thermal transport in the SnSe single crystals. A 
higher in-plane, b-c plane, carrier mobility has been found in 
single crystalline SnSe.*° The outstanding grain orientation and 
obvious large-scale layered structure presented in ZM SnSe result 
in a strong anisotropy of the grain boundary concentration in the 
ll and L directions. The strong grain boundary concentration 
anisotropy in ZM samples relative to the poor anisotropy in 
sintered samples leads to a difference on grain boundary in 
the || direction. Thus the electrons suffer less scattering in the 
| direction in ZM samples, leading to a higher Hall mobility. 

S and o show a reversed trend in the whole temperature 
range (Fig. 2b). Different from the anisotropic electrical conductivity, 
the Seebeck coefficient of the ZM samples is fairly isotropic. In 
the temperature range 300-900 K, the Seebeck coefficient of ZM 
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samples is roughly at the same level as that of other samples.”° ?? 


When the temperature is higher than 900 K, the present ZM 
samples possess obviously larger Seebeck coefficient values than 
the reported samples.”° ” 

Fig. 2c presents the temperature dependence of the power 
factors (S*c) for the SnSe samples. Similar to the electrical 
conductivity, the S’o in the two directions show a similar 
temperature dependence, an initial mild decrease followed 
with an obvious increase. S”o\ is much higher than S’o _, owing 
to the anisotropic electrical conductivity. Benefiting from the 
large electrical conductivity, Sc; reaches about 9.82 uW cm™* K~? 
at 873 K. As mentioned above, in polycrystalline SnSe prepared by 
HP and SPS, the maximum S’o is only ~5 pW cm * K?” The 
large enhancement of S’o provides an opportunity to improve the 
TE performance of polycrystalline SnSe to the level of SCs.”° 

As shown in Fig. 2d, the thermal conductivity xot also exhibits a 
strong anisotropic behavior. With increasing temperature, the Ktot 
first decreases gradually, and then exhibits an abrupt increase 
around 753 K, and finally decreases from 873 K. The increase of 
Ktot Near 753 K is related to the Pnma-Cmcm phase transition. 
The x, is 1.71 W m™* K™* at 300 K and becomes lower than 
1.00 Wm ' K ‘above 600 K; the x1 is 0.84Wm *K ‘at300K 
and then lower than 0.45 W m * K * above 600 K. Similar to the 
polycrystalline samples prepared by HP** or SPS”* methods, 
ZM samples also show higher thermal conductivity than SCs.”° 
The total thermal conductivity is mainly combined with the 
electronic contribution Ke and the lattice contribution Kiat, as 
Ktot = Ke + Klat The electronic contribution can be evaluated by 
the Wiedemann-Franz law, Ke = LoT.*”** Here, a Lorenz number, 
L of ~1.49 x 10° V? K ® (Fig. 3a), is obtained by fitting the 
Seebeck data to the reduced chemical potential,** *° which is 
consistent with the previous report by Zhao et al.” The calculated 
Ke and Kiat are presented in Fig. 3b. The Kiat/Ktot is found to be over 
92%, indicating that the thermal conductivity of the SnSe 
compound is dominated by the phonon transport. 

Fig. 4 shows ZT values as a function of temperature for the 
ZM samples. In the temperature range 300-750 K, the ZM 
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(a) Lorenz number, L and, (b) lattice thermal conductivity Kia (filled points) and electronic thermal conductivity Ke (open points) as functions of 
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Fig. 4 ZT as a function of temperature for ZM SnSe samples. The data of 
SC samples?’ and polycrystalline samples prepared by HP?! and SPS? are 
plotted for comparison. 


750 900 


press 
direction 


ZM-SPS-2 


press 
direction 


press 
direction 


ZM-SPS-1 


Intensity (a.u.) 


JCPDS 48-1224 


20 25 30 35 40 45 50 55 60 


2 6 (degree) 
Fig. 5 XRD patterns of ZM-SPS samples. 


samples show ZTs similar to the reported polycrystalline samples, 
whereas ZM, possesses much higher ZTs above 750 K. In 
particular, the maximum ZT reaches 0.92 at 873 K. From 
Fig. 2c and d, it can be found that the improved TE performance 
of ZMj is mainly due to the much higher power factor (S7c). 

To further enhance ZTs, it is essential to significantly reduce 
the relatively high kı, and maintain the electrical performance 
simultaneously. Here, we increase the grain boundary scattering 
by grain size refinement and suppress the deterioration by 
regaining the oriented textures. In detail, the ZM ingot was 
crushed into powders with two kinds of particle size distributions, 
that is, 50-70 um and <50 um, and then compressed by SPS, 
donated as ZM-SPS-1 and ZM-SPS-2, respectively. 

Fig. 5 displays the XRD patterns of the ZM-SPS samples. The 
patterns for different directions show strong anisotropy. The 
SEM results (Fig. 6) indicate that the sample with original 
particle size of 50-70 um has a better grain orientation than 
the one with size of <50 um. The F400) of ZM-SPS samples 
reaches 0.66, which is also much higher than those of the 
previously reported samples.** ”’ As shown in the SEM image, 


Fig. 6 SEM images of the freshly fractured surfaces for ZM-SPS-1 (a) and 
(b) and ZM-SPS-2 (c) and (d), respectively. 


the grains align along the same direction generally. The connection 
between grains is much better than that reported by S. Sassi et al.” 
which is beneficial for electron transport. 

The TE properties of ZM-SPS samples along the || direction, 
denoted as ZM-SPS-1, and ZM-SPS-2\, are presented in Fig. 7. 
The electrical and thermal properties of ZM-SPS| samples show 
good consistence. From 300 K to 750 K, both the S’o and ko of 
the ZM-SPS, samples are close to the SPS, samples.”” The So of 
ZM-SPS) samples exhibits a steep rise above 750 K, in contrast 
to the decrease of the SPS, samples.”” The power factor of ZM-SPS-1 
reaches 8.4 pW cm * K~? at 873 K. Though it is lower than that of 
the ZM, samples due to the weakened texture and smaller grain 
sizes, it is still much higher than other samples.***° On the other 
hand, the thermal conductivity of ZM-SPS-1, starts to increase at 
750 K, showing a different tendency from that of the SPS samples.” 
The thermal conductivity of ZM-SPS samples is systematically 
lower than that of ZM; samples, originating from the reduction of 
Kia (Fig. 3b), since Kiat dominates the thermal conductivity in 
the SnSe system. The reduction of the microscale grain size 
increased the chance of phonon scattering, resulting in the 
reduction of Kia. At 873 K, the thermal conductivity for both ZM- 
SPS, samples is decreased to be about 0.70 W m7! K~, with a Kiat of 
0.63 W m_‘ K~*, 26% reduction of Kiat relative to the ZM; samples. 

As shown in Fig. 8, the ZT values of ZM-SPS| samples are 
close to those of SPS samples in the temperature range 300-700 K,” 
while they are rather closer to those of the ZM; samples above 750 K. 
The maximum ZT value of the ZM-SPS-1, sample is about 1.05 at 
873 K, which is the highest value in p-type polycrystalline SnSe 
samples so far. As shown in Fig. 7c and d, the enhancement of ZT 
mainly originates from the reduction of thermal conductivity 
(~0.70 W m * K * at 873 K). It is still much higher than that 
of SC samples (~0.35 W m~t K™ at 873 K),”° indicating 
that there are great opportunities to further enhance the TE 
performance by tuning the electrical and thermal properties for 
SnSe polycrystalline materials. 
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Fig. 7 Temperature dependence of the (a) electrical conductivity, (b) Seebeck coefficient, (c) power factor, and (d) total thermal conductivity for 
ZM-SPS). The data of the ZM and SPS samples” are inserted for comparison. 
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Fig. 8 ZT as a function of temperature for SnSe samples. 


4. Conclusion 


Highly textured polycrystalline SnSe samples were prepared by 
the zone melting method. The samples achieve an excellent 
orientation factor of 0.98 for the b-c plane. Owing to the highly 
textured structure, polycrystalline SnSe exhibits high Hall 
mobility, leading to good electrical properties. The power factor 
reaches 9.82 yW cm7! K~? at 873 K, twice as those reported for 


polycrystalline SnSe. The great enhancement provides a good 
opportunity to improve the TE performance of polycrystalline 
SnSe. The maximum ZT of ZM SnSe reaches 0.92 at 873 K. 
Moreover, the thermal conductivity was reduced from 0.92 to 
0.70 W m* Kt at 873 K by introducing grain boundary 
scattering, leading to a peak ZT of ~1.05. Our results suggest 
that the TE performance of well textured SnSe could be further 
enhanced by increasing phonon scattering. 
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